The peak horizontal acceleration and velocity of observed records from the 1995 Hyogo-ken Nanbu earthquake are compared with those predicted from empirical attenuation relations that were derived to be applicable to near-source areas. We found that the observed peak values matched well the empirical attenuation relations. The observed peak vertical accelerations were about half the peak horizontal accelerations when less than 100 cm/s/s. But, the observed peak vertical accelerations tended to be more than half the horizontal ones beyond 100 cm/s/s, and at some sites on soft soil, the peak vertical accelerations were greater than the peak horizontal accelerations. On the other hand, most of the observed peak vertical velocities were about 40% of the peak horizontal velocities independent of the peak amplitudes. At Port Island in Kobe City, remarkable non-linear behavior of soft soil was observed in the vertical array records. The high-frequency shear waves decreased due to liquefaction and the peak horizontal accelerations decayed at the surface. On the contrary, vertical ground motion was amplified by the strong contrast of P-wave velocity in the surface soils. This fact may be one of the causes for greater peak vertical acceleration than peak horizontal acceleration.
Aftershocks, however, were distributed along the existing Quaternary faults and farther northeast of Kobe, while the Intensity VII zones were offset about 1 km to the south. Recent studies showed that the locations of the causative faults obtained from co-seismic displacements and particle motions of strong motion records in the near-source region are consistent with the known faults (Hashimoto et al., 1996; Sekiguchi et al., 1996) . One of the most important subjects is to investigate whether or not the disasters were caused by unpredictable large earthquake ground motion. Therefore, the peak horizontal amplitudes of strong motion records are compared with those predicted from empirical attenuation relations which are the average characteristics of recorded strong ground motions in Japan before this event. The shortest distances from the source fault to the observation sites are used for empirical predictions of peak ground motions in this study. An active discussion has been held concerning structural damage due to the vertical strong motion during this event. At several sites close to the source area, greater peak vertical acceleration than peak 136 Y. Fukushima and K. Irikura horizontal acceleration was observed on soft soil ground. It must be investigated as to why such large peak vertical accelerations were recorded. In this study, the relation between peak vertical and horizontal amplitudes of the observed records are examined and discussed in association with the rupture process and local ground conditions. A larger peak vertical acceleration than horizontal acceleration was observed at Array 6 in the 1979 Imperial Valley earthquake and explained by the non-linear behavior (Mohammadioun and Pecker, 1984) . A clear non-linear behavior has also been found in the vertical array records at Port Island from this event, and vertical peak acceleration at the surface was larger than horizontal acceleration (Aguirre and Irikura, 1995) .
Data
The peak ground accelerations and velocities from this event were released immediately by the Railway Technical Research Institute (Nakamura et al., 1995) , the Osaka Gas Company, Committee of Earthquake Observation and Research in the Kansai Area, Kansai Electric Power Company, Port and Harbor Research Institute, JMA and so on. A preliminary analysis of the attenuation relations for the peak horizontal accelerations and velocities was reported by Irikura and Fukushima (1995) soon after the event. The National Research Institute for Earth Science and Disaster Prevention (NIED) of the Science and Technology Agency published a prompt report on the peak ground accelerations and velocities (National Research Institute for Earth Science and Disaster Prevention, Science and Technology Agency, 1995). We collected more peak amplitudes of strong ground motion records after that. A compiled list of 204 peak accelerations and 45 peak velocities is shown in the APPENDIX. At some sites, only the maximum peak values or vector compositions of two horizontal components were described.
The location of the source fault was assumed from the aftershock distribution reported by the Earthquake Prediction Center of Disaster Prevention Research Institute, Kyoto University, which coincides with the existing Quaternary faults known before. The accurate location of the northeast part of the rupture in the Kobe area is still controversial. The fault length, width, strike, and dip angle are assumed to be 45 km, 15 km, 235 deg, and 85 deg Fukushima and Tanaka (1992 Fukushima and Midorikawa (1995) for assumed deposit strata models of 500 and 2,300 m in thickness. Soil and rock sites are corresponding to be underlain by surface geology with Vs 100 and 700 m/s, respectively.
to northeast, therefore the forward rupture directivity (Somerville et al., 1995) may produce these larger observed peak values. The observed peak horizontal velocities are compared with predicted values from the empirical relations for rock and soil sites in Fig. 3 (Fukushima and Midorikawa, 1995) . The rock for the empirical relation means surface geology with a S-wave velocity (Vs) of 700 m/s and the soil means that with a Vs of 100 m/s. The depths of soil deposits were assumed as two cases, 2,300 and 500 m. The predicted peak velocities for the soil sites were much greater than those for the rock sites. Even when the Vs of the soil deposit was the same, smaller peak velocity was predicted for the deeper deposit than for the shallower one because ground motion in the deeper deposit is more deamplified due to the low Q value of the deposit. Namely, predicted peak velocities are strongly dependent on the S-wave velocity and thickness of the soil deposit. Although many assumptions for uncertainties were included in the predicted peak velocity, we found the observed peak velocities to be almost within the predicted values for the rock and soil sites.
Relation between Vertical and Horizontal Com-
ponents It is very interesting to examine whether the levels of the peak vertical amplitudes from this event were abnormally strong or not. The relation between the peak horizontal and vertical accelerations of the observed records are shown in Fig. 4(a) . The observed peak vertical accelerations were about half that of peak horizontal acceleration when less than 100 cm/s/s, similar to the empirical relation (Watabe et al., 1990 ), but they tended to be more than half or a comparable level beyond 100 cm/s/s. Some sites in which the peak vertical accelerations were larger than the peak horizontal accelerations were located on reclaimed lands (e.g., Port Island), very soft sediments along the coast or near river fronts as shown in Fig. 1 . One exception is Kobe University, in a tunnel near a rock outcrop. The tunnel was, however, constructed not by digging through rock, but by filling a rock surface with soil and gravel.
The relation between the peak horizontal and vertical velocities is shown in Fig. 4(b) . All of the peak vertical velocities were less than the peak horizontal velocities. Further, the ratios of the vertical to horizontal peak amplitudes are plotted with the distance in Fig. 5 in Fig. 5(b) for velocity. Although the dispersion was very large, the ratios for peak acceleration seemed to increase as distance decreased. The ratios for peak velocity are about 40% independent of distance. The vertical array records of Port Island are shown in Fig. 6 (a) for acceleration and in Fig.  6(b) for velocity. The ground settled about 0.5 m around this array due to liquefaction. We can see that the peak horizontal acceleration at the surface was smaller than that at the depths of 16, 32, and 82 m in the figure. On the other hand, the vertical accelerations were amplified as the depth decreased, and the peak vertical acceleration at the surface grew more than the peak horizontal accelerations. The response spectrum of 5% damping for the vertical component was greater than that for the horizontal component in the short-period range. The spectral intensity ratios of the vertical to horizontal components were 2.7 in the period range from 0.02 to 0.1 s, 1.7 from 0.1 to 0.5 s, and 0.6 from 0.5 to 2.0 s, respectively. The mechanism of amplification for the vertical motion was explained by reverbera- tions of compressional waves in the soil layers even after S-wave arrival because the vertical motions propagated as P waves converted from S waves at heterogeneities beneath the site (Tohdo et al., 1994) . In detail, for the case of Port Island, Aguirre and Irikura (1995) deduced that the vertical motions were greatly amplified in dry and soft soils overlying underground water level because dry soils have a very slow P-wave velocity of 200 to 300 m/s, while water-saturated soils have a relatively large P-wave velocity of about 1,500 m/s. Further, horizontal motions at high frequencies are markedly affected by the non-linear behavior of soils in surface layers during strong motion but vertical motion is less. Kawase et al. (1995) showed that a remarkable decay of the horizontal components at the surface was interpreted by using effective stress analysis. Namely, the horizontal component of seismic wave propagating as shear wave was deamplified in soil layers under liquefaction, while high-frequency vertical component propagating as compressional wave was amplified because of a large contrast in P-wave velocity between dry and water-saturated soft-soil layers. The larger peak vertical acceleration than horizontal acceleration at Array 6 from the 1979 Imperial Valley event was also explained by this non-linear behavior (Mohammadioun and Pecker, 1984) . Their explanation is proved by the vertical array records at Port Island. Peak horizontal velocities become larger as the depths decrease, as shown in Fig. 6(b) . This means that lower frequency motions were less affected by the non-linear behavior of the soil layers. This observational fact may be considered to be caused by the non-linearity of soils mentioned above, that the ratios of the vertical to horizontal motions in peak accelerations increase as the distances decrease ( Fig. 5(a) ), while those in peak velocity are almost constant, about 40% (Fig. 5(b) ).
Conclusions
The observed peak horizontal accelerations agreed well with the predicted values by the empirical attenuation relation, and the observed peak horizontal velocities were roughly consistent with the predicted values with the assumption of ground conditions. From this fact, we reach the conclusion that the strong horizontal ground motions from this event do not differ greatly from the average strong motions during past earthquakes with the same magnitude. The very large peak horizontal amplitudes from this event may have been caused by the very close distance from the rupture area. The observed peak vertical accelerations were about half of the peak horizontal accelerations at less than 100 cm/s/s, but they tended to have comparable levels to horizontal accelerations at more than 100 cm/s/s. Sites in which the peak vertical accelerations were larger than the horizontal ones were located at reclaimed lands, very soft sediments along the coast and near river fronts. Peak vertical velocities are 40% of peak horizontal velocities on average, independent of the peak amplitudes. One of the causes is believed to be that horizontal motions at high frequencies are deamplified by the nonlinear effects of soft soil deposits stronger than the vertical motions. Other causes should be discussed based on specific research for site conditions, source processes, and geometrical relations between the site and the source area.
